ABSTRACT Sodium currents were recorded from frog skela .
etal muscle by using fire-polished micropipettes to electrically°i solate and voltage clamp a small patch of sarcolemma. Sodium current amplitude served as an assay for the number offunctional sodium channels in the patch. With the pipette as a light guide, R these channels were irradiated with ultraviolet (UV) light directed through a quartz fiber into the back end of the pipette. The UV light emerging from the pipette tip caused localized destruction of the sodium channels in the patch, reducing sodium current 3-t 0//// to 5-fold during a 30-90 s irradiation. If sodium channels could muscle fibe r diffuse laterally in the membrane, current from the patch should recover with time as fresh channels enter from neighboring areas.
No such recovery was observed during observation for 1 hr after irradiation. Our results set an upper limit of 10-12 cm2/s for the diffusion coefficient-1/lOOOth that of rhodopsin, a membrane protein in the cell membrane of retinal rods. It is suggested that sodium channels are anchored in the sarcolemma. b
Lateral diffusion of membrane proteins in cell membranes has been observed by several techniques and by many authors, mostly in embryonic cells (e.g., refs. 1 and 2) and in various cell lines maintained in tissue culture (e.g., refs. 3 and 4). Less is known about cells taken from adult animals (5-7) and there is only one report concerning lateral protein mobility in an intact, fully differentiated excitable cell-acetylcholine (AcCho) receptors at the nerve-muscle junction ofvertebrate muscle were found to be practically immobile (8) .
One may question whether this immobility is typical for membrane proteins in excitable cells because AcCho receptors are concentrated in aggregates beneath the innervating nerve terminal and, in rat myotubes, are mobile when they are diffusely distributed (3). Thus, it seemed useful to explore in an adult excitable cell the lateral mobility of a membrane protein that is thought to be distributed over the entire sarcolemma. An example is the sodium channel, which mediates the propagation of electric impulses along nerve axons and muscle cells by allowing, at the appropriate membrane potential, an influx of Na' measurable as electric current. The lateral mobility of this or other membrane potential-dependent ionic channels has not previously been explored, even though membrane proteins of this class play a central role in neurophysiology.
In this study we combine photobleaching with patch voltageclamp recording to measure the lateral mobility ofsodium channels in frog muscle sarcolemma. Like junctional AcCho receptors (8) , sodium channels appear to be essentially immobile. A preliminary report of this work has appeared.t MATERIALS AND METHODS Patch Voltage Clamp. Our method builds on techniques described previously (9, 10) and is illustrated in Fig. la Rp is the pipette resistance (typically 0.5-0.8 MQ) and Rs is the "seal" or "shunt" resistance to current flowing beneath the pipette rim (typically 0.9-2.5 MI). Rp and (Rp + R.) were measured as the resistances into the pipette before and after the pipette tip contacted the muscle fiber; we assumed the resting conductance of the sarcolemmal patch to be negligible compared to 1/(Rp + Rs) During the experiment a digital computer measured (I, + Rj) continually and applied potential steps of amplitude VX, calculated to result in a potential change V, of the desired amplitude. Measurements with intracellular microelectrodes showed that even with large (up to 15 nA) active currents across the patch, the internal potential changed by < 1 mV, so we assume that V, is experienced by the sarcolemmal patch as a membrane potential change ofequal size but opposite sign.
Patch Current Recording. Because we avoided enzymatic pretreatment of muscle fibers to remove collagen and the basal lamina, Rs here is less than in previous work (11) Physiological Sciences: Stfihmer and Almers . X plying potential steps too small to open sodium channels. By using a combination of analog and digital techniques (12, 13) , pipette currents during these steps could be scaled up appropriately and subtracted from currents during larger steps, so that only "active" currents through sodium channels remained after the subtraction. Currents were recorded through a 4-pole Bessel filter (5 kHz corner frequency) and sampled at 50 kHz by a 12-bit A/D converter. Measured currents were divided by the attenuation factor A to allow for loss of active current through R8 (11) ; the ordinate scales in our figures include this correction.
Photobleaching. Light from a high-pressure mercury arc lamp (Wotan 100-B) was directed through a mirror-and-filter system passing the 302-nm mercury line or a broader band including the 280-to 313-nm mercury lines. The light was focussed through a reflecting objective (Beck, X 15, n.a. 0.28) onto a quartz fiber (Math Associates, Port Washington, NY) whose other end directed the light into the glass micropipette. With the pipette of Fig. 2 (Lower) the light emerging from the tip had a power of maximally 15 nW, as measured by passing the tip through a 200-pm-diameter pinhole covering a UV-sensitive photodiode (HUV-4000B, EG&G, Salem, MA). If the light intensity at the pipette tip has a Gaussian profile decreasing by a factor of e2 (to 14%) within a radius of 5 tkm, then 15 nW would correspond to a peak intensity of -:38 mW/cm2 (14) .
Irradiation with this pipette reduced sodium current about efold in 60 s. RESULTS Fig. lb shows membrane currents drawn from the pipette during depolarizing potential steps 40 to 120 mV in amplitude; the currents were corrected for leakage currents through R, by analog circuitry and a digital computer. We believe that the inward (downwards) and outward (upwards) currents flow through voltage-sensitive sodium and potassium channels, respectively, because they show the kinetics and voltage dependence expected for currents through these channels (15, 16) . Also, inward current is blocked by tetrodotoxin, a specific blocker of sodium channels (see Fig. 3 ). Sodium and potassium currents were found to vary from animal to animal, both in their absolute and relative sizes. With sodium currents, the range of variation was nearly 10-fold and many fibers had only small or no potassium currents. Even on the same fiber, sodium and potassium currents at different locations could vary up to 4-fold in size. § Here we selected fibers with large sodium and only small potassium currents.
Because the pipette will depolarize only the small membrane patch covered by its tip, we expect to collect active currents from this area only. Thus, glass micropipettes are suitable for localized recording of membrane currents. They can also be used as light guides for local membrane illumination (Fig. 2) by directing light through a quartz fiber into the back end of the pipette. To test the distribution of light coming out of the tip, we pushed the pipette against a piece of photographic film, much as we would ordinarily push it against a muscle fiber. After delivery of a UV flash through the pipette, the film was developed and the resulting "spot" photographed. Fig. 2 shows the tips oftwo pipettes and the spots made with them. Evidently light emerges as a fairly well-defined beam with a diameter roughly equal to that of the pipette tip.
UV light destroys sodium channels (17) (18) (19) (20) , probably in a direct, one-photon interaction. In Fig. 3 With a higher resistivity, the thickness of the space would be proportionately larger.
shown in Fig. 2 (Upper) to record from, and then to irradiate, a sarcolemmal patch. The figure shows pairs of superimposed current traces recorded during 80-mV step depolarizations. Traces 1 and 2 were recorded 0 and 30 min before, and traces 3 and 4 were recorded 1 and 63 min after a 90-s irradiation with UV. UV diminished the currents about 3-fold without strongly altering their time course. Lack of UV effects on kinetics, also observed by others (19, 20) , indicates normal functioning ofthe surviving channels. Sixty minutes after irradiation, tetrodotoxin was added to the bath. Inward currents vanished (Fig. 3, Fig.  3 ; the circled numbers indicate the times at which the corresponding traces in Fig. 3 were recorded. The holding potential was displaced slightly (by 2-3 mV) in the depolarizing direction to keep the average potential at the pipette tip zero. This was done to prevent steady electric fields parallel to the membrane that might cause lateral redistribution of membrane constituents (4). Peak currents are given as absolute values and were measured by fitting a fourth-order polynomial to 0.6-ms sections of current traces starting 0.26 ms after the onset of depolarization and by taking the minimum of the fitted curve over that segment. Each point is the average of three measurements taken at 11.8-s intervals. Solid lines give IpF(t), in which Ip is the peak sodium current recorded before irradiation. F(t) is calculated by Eq. 1 with D as indicated, K = 2.999, and w = 5 utm; t marks the time from the end of irradiation. In experiments of this kind, the slightest mechanical disturbance of muscle and pipette would bring sudden reappearance of sodium current. Attempts to "find" the irradiated spot again by probing the membrane area with the patch pipette were unsuccessful, consistent with our expectation from Fig. 2 that the photodestruction of sodium channels is highly localized. To avoid movement we worked on a vibration-isolation table floating on compressed air. After the pipette was placed onto the muscle fiber, the pipette holder was rigidly fixed to the experimental chamber by allowing a liquid wax linkage between holder and chamber to solidify. the muscle fiber. Taken together, our results show that iflateral diffusion of sodium channels into the patch is possible, it must be very slow. They confirm a previous experiment with lower resolution (22) carried out with the "Vaseline gap" (16) technique.
In addition to lack of lateral mobility, one may consider two other reasons for the failure of channels to move into the irradiated patch. (i) Contact between pipette and sarcolemma mechanically restricts lateral motion. (ii) UV causes crosslinking ofmembrane or cytoskeletal components so the irradiated patch becomes a rigid structure into which fresh Na' channels cannot penetrate. With regard to (i), we estimate the distance between pipette rim and the sarcolemmal bilayer to be about 100-200 nm (see Fig. 3 legend) 
DISCUSSION
To set an upper limit for the coefficient of lateral diffusion into the irradiated patch, we assumed that UV emerges from the pipette tip as a beam of Gaussian intensity profile, with the intensity decreasing by a factor of e2 within a distance w = 5 pam from the center of the orifice. We assume that the efficiency with which we record membrane current also varies laterally, being highest in the center of the patch and falling off in all directions along the same Gaussian curve. In reality both the beam profile and.the area from which we record current are probably more sharply defined, so these are conservative assumptions. Recovery of current should then be given by [1] in which F(t) is the fractional current (peak current after irradiation/peak current before irradiation) and t is the time after irradiation (14) . The parameter K is calculated from the fractional current immediately after irradiation, F(0), by
and TD is related to the beam half-width, w, and the lateral diffusion coefficient, D, by TD w /4D. [3] The curves in Fig. 4 show properly scaled solutions of Eq. 1 with D as indicated. A value of 10-12 cm2/s appears to be the Physiological Sciences: Stfihmer and Almers limit of resolution in our experiment and may be taken as an upper limit for the lateral diffusion coefficient of sodium channels. This is much lower than values for rhodopsin in retinal rod cell membrane [4 x 10-cm2/s (7)] or for extrajunctional AcCho receptors on rat myotubes [O.'7 X 10-10 cm2/s (3)] and on membrane "blebs" of mouse muscle [2 x 1079 cm2/s (8) ], even though the molecular. weights of AcCho receptors (23) and sodium channels (24) seem similar. If our result is representative for the unirradiated membrane, the comparison suggests that sodium channels are anchored in the sarcolemma offrog skeletal muscle. Their irregular lateral distribution and failure to electrophorese in response to large lateral electric fields may be taken as further evidence for this view. § Lateral immobility ofsodium channels may seem surprising. However, although sodium channels are not as discretely localized as AcCho receptors, they nevertheless populate the sarcolemma more densely than the membranes of the transverse tubular system (16, 22, 25) . Lateral immobility may help maintain this uneven distribution over the cell membrane, which is important for reliable impulse propagation, both along and radially into the fiber (26) . There is evidence for uneven distribution of membrane transport proteins also in other tissues. In rat myelinated nerve, sodium channels appear confined to the node of Ranvier (27)-a feature which aids in the well-known "saltatory" impulse propagation in that tissue. And in transporting epithelia, sodium pumps occur almost exclusively on the basolateral side of an epithelial cell (28, 29) , thus insuring that transport is directional. In these and other examples, lack of lateral mobility could help in maintenance of the lateral segregation of some transport proteins throughout the life of the cell.
